Ants and other social insects offer a natural experimental system to investigate the molecular bases of epigenetic processes that influence the whole organism. Epigenetics is defined as the inheritance of biological variation independent of changes in the DNA sequence. As such, epigenetic research focuses on the mechanisms by which multiple phenotypes arise from a single genome. In social insects, whole individuals belong to alternative phenotypic classes (known as castes) that vary in morphology, behavior, reproductive biology and longevity. It has been proposed that the same epigenetic pathways that maintain different cell identities in vertebrates might determine the different phenotypes observed in social insects. Here, I review the current progress on investigating the role of classic epigenetic signals, such as DNA methylation and histone posttranslational modification, in the relatively unexplored paradigm of ant polyphenism.
INTRODUCTION
The organized societies of ants are constructed on the premise of division of labor between phenotypically distinct individuals [1] . The existence of alternative phenotypes encoded by the same genome is known as polyphenism. Examples of polyphenism abound in nature, from socially induced sex changes in Thalassoma fish [2] to seasonal changes in butterflies [3] , but among the most astonishing forms of polyphenism are those that distinguish reproductive (queens) from nonreproductive (workers) individuals in ants.
Arguably, the most common occurrence of polyphenism is observed in multicellular organisms, which comprise hundreds of phenotypically distinct cell types all originating from the same zygotic genome during development. This diversification is achieved by several molecular pathways that converge on the transcriptional regulation of gene expression, so that only portions of the genome are active at any given time and in any particular cell. Once established, transcriptional patterns that define cell identities can be maintained over long periods of time even if the originating stimuli (developmental signals, environmental cues, etc.) have disappeared. More often than not, these 'cellular memories' of transcriptional patterns are encoded by chemical changes at the level of chromatin, the complex of DNA, RNA and protein that packages the eukaryotic genome within the nucleus [4] .
The chemical changes on chromatin and the manner by which they maintain patterns of gene expression are the central research topic of the increasingly popular field of epigenetics. In a rigorous sense, epigenetics studies the inheritance of phenotypic traits that does not require changes in the primary DNA sequence [4, 5] . For example, the genome of a calico cat encodes both dark and light pigmentation phenotypes, but one of them is randomly silenced in different embryonic cells (through the process of X chromosome inactivation [6] ), and this silent state is propagated epigenetically to the cell progeny, which, in the adult organism, form patches of skin with different pigmentation, giving rise to the characteristic variegated aspect of these animals [7] ( Figure 1A ). Because there are no actual differences in DNA sequence between light and dark cells in these animals, the molecular information that specifies which gene to express is encoded elsewhere, typically by chemical changes to chromatin structure, such as DNA methylation and histone posttranslational modifications (PTMs).
Given that polyphenisms likely depend on epigenetic changes, a relatively recent branch of the field has turned its attention to studying epigenetic pathways that affect caste-specific traits in social insects.
POLYPHENISM AND EPIGENETICS IN ANT SOCIETIES
Ants, like all obligate eusocial insects, live in sophisticated societies in which morphologically and behaviorally distinct types of individuals (castes) arise from a single genome, carry out different tasks and relate to other individuals according to their social status to benefit the colony as a whole [1] . Female embryos become either reproductive queens or various types of workers, and, strikingly, these profound differences in developmental trajectory are usually independent of the embryos' genetic make-up. Although ant species exist for which complete genetic caste determination has been described [8] , these seem to be the exception rather than the rule [9] . Hence, following the definitions and explanations above, the molecular information that specifies caste polyphenism must be encoded, at least in part, at an epigenetic level ( Figure 1B ). Social castes differ in their morphology, reproductive physiology, behavior and, notably, also in their lifespan, which can be 10-fold longer for queens compared with workers [10] . How is this exceptional phenotypic flexibility and diversity specified by a single genome? A tempting speculation is that in ants and other social insects the same epigenetic pathways that control cell identity and development in solitary organisms have been expanded and adapted to control caste-specific traits-such as behavior and lifespanat the organism level.
Although the biology and ethology of social insects have been studied for hundreds of years, only in The embryo of a calico cat contains genomic information encoding both dark pigmentation ('D') and light pigmentation ('L'). Through the process of random X inactivation, only one of the two phenotypes remains active and its state is epigenetically transmitted to the developing tissues, giving rise to clonal patches of dark or light skin in the adult individual. Photo courtesy photos-public-domain.com. (B) The ant genome encodes both queen ('Q') and worker ('W') traits (left), here for simplicity, depicted as single gene loci, although in all likelihood, hundreds of genes are involved. During development one or the other phenotype is activated (middle), possibly in response to environmental cues, and this results in the observable polyphenisms in the adult individuals that belong to different castes (right).
recent times an in-depth investigation at the molecular level has begun. In the last 4 years, the genomes of seven ant species have been sequenced: the carpenter ant Camponotus floridanus [11] , Jerdon's jumping ant Harpegnathos saltator [11] , the fire ant Solenopsis invicta [12] , the Argentine ant Linepithema humile [13] , the red harvester ant Pogonomyrmex barbatus [14] , and two leaf-cutter species, Atta cephalotes [15] and Acromyrmex echinatior [16] . Genome-wide DNA methylation maps have been obtained from different castes of C. floridanus, H. saltator and S. invicta [17] [18] [19] ; and the genomic distribution of key chromatin modifications has been determined in C. floridanus [20] . Genomic resources, the genetic underpinnings of a well-known colony-level phenotypic trait have been identified in the fire ant S. invicta [21] ; and means to automatically monitor and quantify various aspects of social behavior have been developed [22] . Together, these studies have paved the way to the molecular investigation of polyphenism and social organization in ants.
TRANSCRIPTIONAL CONTROL OF POLYPHENISM
Epigenetic pathways only function to maintain already existing patterns of gene activation and repression. Therefore, polyphenism in ants (or any other organism) cannot be exclusively dependent on epigenetic pathways. Caste-specific phenotypic traits must originate from caste-specific transcriptional networks that, once established, can be later maintained through epigenetic inheritance.
A classic example of how polyphenism evolves from variation in transcriptional networks is presented by wing polyphenism, which is peculiar to ants. Ant reproductives (queens and males) have wings that facilitate their dispersion beyond the colony boundaries, but sterile workers are wingless in all known ant species [1] , which, together with fossil evidence [23] , suggests that wing polyphenism only evolved once in the common ancestor of all ants [24] . Gene expression analyses of wing imaginal discs in Pheidole morrisi revealed that the transcriptional network that specifies wings in all holometabolous insects is conserved and active in reproductive castes, but broken and dysfunctional in the two nonwinged, sterile castes, workers and soldiers [24] . Interestingly, the network is interrupted at different nodes in workers and soldiers within the same species (P. morrisi) as well as in the other species analyzed (Neoformica nitidiventris, Crematogaster lineolata and Myrmica americana), suggesting that the evolution of polyphenism is plastic and that once an interruption has occurred, the whole network is susceptible to disassembly [24] .
The existence of a transcriptional network that is intact and functional in one caste and interrupted in another, without underlying genetic differences, begs the question of how this is achieved at the epigenetic level. Studies on the loci encoding these transcription factors, their promoters and their responsiveness to external stimuli will be required to fully understand the molecular mechanisms, but clearly these polyphenic transcriptional networks present an opportunity to understand the role of epigenetic pathways in caste determination and the evolution of polyphenism in ants.
Further supporting a key role for dedicated transcriptional networks in specifying the variety of phenotypes encoded by the genomes of social insects, a recent comparative genomics study analyzed all seven available ant genomes and reported that the transcription factor binding sites of ant genes are in continuous evolution and exhibit more divergence than comparable sites in solitary insects [18] . The authors identified nearly 2000 genes that share cisregulatory changes in ants but not in solitary insects and are enriched for neuronal and hormonal functions. Analysis of the promoters of these genes implicated a few specific transcription factors in eusocial evolution, including Empty spiracles (EMS) and cAMP response element-binding protein (CREB) [18] . The latter is of particular interest given the role of its associated factor, CREB binding protein (CBP), in maintaining caste-specific patterns of chromatin structure [20] (see below).
In some cases, transcriptional networks that implement alternative phenotypes, while present in the genome, are not normally utilized, suggesting that, from an evolutionary standpoint, polyphenism may arise from tapping developmental resources that are latent in the population. In fact, genes co-opted for caste-specific polyphenic traits are under relaxed selection even in species without polyphenic castes [25] . For example, in the ponerine ant H. saltator, which exhibits ancestral characteristics such as low worker-queen dimorphism and predatory behavior [26] , all workers have the potential to acquire phenotypic and behavioral traits typical of the queen, but only very few individuals do so and only in extraordinary circumstances; that is, when the legitimate queen dies [27] . However, when properly isolated in the laboratory, every H. saltator worker will develop this potential and turn into a reproductive individual (H.Yan and J.Liebig, personal communication). In the hyperdiverse ant genus Pheidole, some species possess a 'supersoldier' caste, but even in those species where members of this caste never appear in natural settings, their development can be induced with artificial hormonal manipulation [28] . Thus, in these cases, the genetic information for the polyphenic traits is present in all individuals, and its realization must occur through the activation of appropriate signaling pathways and maintained by epigenetic means once the environmental cue subsides.
DNA METHYLATION IN THE SOCIAL INSECT GENOMES
The first place where to look for epigenetic information in the ant genome is the DNA molecule itself. In most eukaryotes, cytosines can be tagged with methyl groups [29] as well as various oxidative intermediates, at least one of which, hydroxymethylation, may carry its own distinct epigenetic information [30, 31] (Figure 2A ). DNA methylation influences the function of the underlying DNA sequence either by impeding binding of sequence-specific factors or by specifically recruiting methylcytosine binding proteins, several of which have known regulatory roles on gene expression in vertebrates [32] (Figure 2B ), or, possibly, by altering the affinity of the DNA for the nucleosome [33] . DNA methylation is established by de novo methyltransferase of the DNMT3 family and maintained by the activity of the DNMT1 methyltransferases [34] . Because the replication of DNA is semiconservative and most methylcytosines appear in palindromic CpG dinucleotides, patterns of DNA methylation can be simply propagated through cell division by machinery that recognizes hemymethylated CpGs and places methyl marks on the corresponding cytosines in the opposite strand [4] (Figure 2C ).
Despite the fact that the common ancestor of all eukaryotes likely had some form of DNA methylation [35] , this epigenetic mark has evolved seemingly distinct functions in the different branches of the tree of life. In vertebrates, DNA methylation is pervasive at CpGs and only isolated patches, known as 'CpG islands', are constitutively unmethylated and are found in the vicinity of transcription start sites [36] .
In these organisms, DNA methylation typically appears as part of repressive chromatin structures, and interference with the methylation machinery can result in derepression of heterochromatic regions, such as those containing transposable elements [37] . Interestingly, DNA methylation is not present in two model metazoans: Caenorhabditis elegans and Drosophila melanogaster. In the latter, low levels of methyl-cytosine were initially detected [38, 39] , but this original finding did not withstand further investigation [40] . How these organisms can forgo a key gene regulatory pathway conserved from plants to vertebrates [41] remains an open question. Lack of DNA methylation correlates with short lifespan and low cell turnover in adults [42] , suggesting that without requirements for long-term cellular memory, DNA methylation is dispensable. The continuing efforts to obtain genomes and methylomes from new species will soon allow us to confirm or refuse this hypothesis.
Unlike Drosophila, all Hymenoptera analyzed, including ants, retain a full set of DNA methyltransferases [11, 13, 14, [43] [44] [45] , and their genomes contain measurable amounts of methyl-cytosine [17, 43, [46] [47] [48] . In contrast with vertebrates, DNA methylation in these insects concentrates in gene bodies [17, 41, 46] and, in particular, in the exons of actively transcribed genes ( Figure 3 ). This peculiar distribution suggests a relationship between DNA methylation and RNA maturation processes, in particular splicing [49] , and indeed correlations between gene body methylation and alternative splicing have been reported in the honeybee [46, [50] [51] [52] and two ant species [17] . The role for DNA methylation in regulating splicing seems to be also conserved in human cells [53] , but in this case, the functional importance of this pathway at a genome-wide level is difficult to assess because of the many other processes in which DNA methylation is involved. Therefore, ants (and bees) may become key experimental organisms to study the function of gene body methylation [49] .
In addition to splicing regulation, gene body methylation is also correlated with gene expression levels in bees [41] and ants [17] (Figure 3) , and some genes are differentially methylated between castes. Comparing the methylome of queen and worker ants, a set of differentially methylated genes was identified, some of which were conserved between C. floridanus (subfamily Formicinae) and H. saltator (subfamily Ponerinae) [17] , suggesting that epigenetic regulation of caste-specific traits predates the ancient split between these two subfamilies. Among the genes showing conserved DNA methylation patterns, some were annotated with functions in reproductive biology, which implies that reproductive polyphenism in ants may be under the epigenetic control of DNA methylation. Consistent with this possibility, in hybrid lines of P. barbatus, where caste determination is under genetic control [54] , methylated CpGs are much less frequent than in parental species, where caste determination is environmental [47] .
In addition to the direct determination of methylation sites through bisulfite sequencing [55] , it is also possible to infer sites of DNA methylation by the depletion of CpG dinucleotides due to the mutagenic effect of methylcytosine over evolutionary time [56] . With this strategy, it was determined that genes in the networks that underlie apoptosis, reproductive development and wing polyphenism in the harvester ant P. barbatus and the Argentine ant L. humile are targets for DNA methylation, further supporting a potential role for this epigenetic modification in caste determination or, at least, caste-specific gene expression.
However, the only direct evidence so far for an involvement of DNA methylation in caste determination was provided by knockdown studies in the honeybee, where depletion of the de novo methyltransferase DNMT3 induces a queen phenotype [57] , which is consistent with the observation that the majority of differentially methylated genes in the honeybee brain are hypomethylated in queens [50] . Similar functional experiments are undoubtedly being performed in ants, and the results will reveal whether the epigenetic control of caste determination by DNA methylation is a general feature of social insects.
HISTONE MODIFICATIONS AND CASTE IDENTITY
Another key chromatin feature where epigenetic information might be encoded is the ensemble of Figure 3 : Distribution of DNA methylation on ant genes. The plot shows the density of DNA methylation on the average protein-coding gene in C. floridanus [17] , color-coded for gene expression levels. The average gene structure is indicated at the bottom (Ex, exon; I, intron). Methylcytosines accumulate in the exons of expressed genes. A similar pattern was observed in H. saltator [17] and S. invicta [18] .
PTMs that decorate the N-and C-terminal tails of histones. Histones are the building blocks of the nucleosome, which is the basic chromatin unit that packages the eukaryotic genome [58] . Each nucleosome comprises two copies each of histones H3, H4, H2A and H2B assembled in a discoid structure around which 147 bp of DNA are tightly wrapped [59] . The histone tails emerged from this globular unit and are substrates for enzymes that catalyze the deposition or removal of a variety of PTMs, including methylation, acetylation and phosphorylation [60] (Figure 4A ). Histone PTMs are recognized by chromatin-binding domains present in a large number of chromatin-associated proteins [62] , which translate the epigenetic information into downstream functional outcomes ( Figure 4B ). Some histone PTMs correlate with active transcription, others with repressive chromatin, and others yet are involved in processes that have nothing to do with gene regulation. The combinatorial power of such an extensive array of histone PTMs offers the opportunity for a complex encoding of epigenetic information, which we are only now beginning to decode [63] .
Initial analyses of chromatin from the ants C. floridanus and H. saltator revealed, as expected, that all well-studied histone modifications are present in these organisms (C.Ye and R.Bonasio, unpublished data), as they are in bees [64] , and that the various families of chromatin-modifying enzymes and chromatin binders are largely conserved [11] . Interestingly, several members of the SET and MYND domain-containing protein (SMYD) family of histone methyltransferases, which has undergone a dramatic expansion in the insect lineage, were identified as caste-specific genes in H. saltator [11] , suggesting a dedicated role for these histone modifiers in caste determination, although the biological significance of this finding remains unknown.
Another study hinted at the possible role of chromatin structure in establishing caste-specific patterns of gene expression. By performing chromatin immunoprecipitation followed by sequencing (ChIP-seq), Simola et al. [20] showed that changes in chromatin structure near protein-coding genes discriminate efficiently between the two different worker castes (minors and majors) found in C. floridanus. In particular, they found that acetylation of histone H3 at lysine 27 (H3K27ac) was the most efficient predictor of caste among the histone PTMs tested ( Figure 4C) , and that target genes for CBP, the enzyme responsible for most H3K27ac in Drosophila [65] , are more likely to be expressed in a caste-specific manner [20] ( Figure 4D) . A dedicated role for CBP in caste-specific epigenetic encoding is consistent with the observation that target sites of its partner protein, CREB, are specifically enriched in social insects [18] (see above).
In this context, it is worth noting that royal jelly, the dietary determinant of queen fate in the honeybee, contains a histone deacetylase inhibitor [66] , which may very well affect the distribution or the levels of H3K27ac in key tissues of the larva and facilitate its development into an adult queen. Functional manipulation of this and other histone modifications will be required before this conclusion can be reached in the case of the ant system.
EPIGENETICS AND SOCIAL BEHAVIOR
Perhaps the most compelling motivation to study epigenetic pathways in ants is the connection between epigenetics, brain function and behavior. There is abundant if correlative evidence that epigenetic pathways are involved in brain function [67] [68] [69] , but progress on this front has been hampered by a relative lack of informative behavioral paradigm in suitable organisms.
In ants, many sophisticated behaviors are predictable, stereotypic within each caste, and often modulated by chemosensory perception. Because castespecific behaviors, as any other caste-specific trait, are also bound to arise from epigenetic differences, ants provide a tantalizing experimental system to investigate the connection between epigenetic regulation and brain function. For example, the transition of H. saltator from worker to gamergate (that is, substitute queen) is accompanied by dramatic changes in behavior that are likely regulated by a rewiring of gene expression in the brain [11] . This transition occurs when the queen is lost from the colony, and, with her, the queen pheromones that suppress reproductive behavior in the workers. The absence of this olfactory signal causes major changes in behavior (aggression) and, in selected individuals, reproduction [27, 70] . Hence, chemical cues initiate a cascade of events that culminates in the dramatic epigenetic shift that transforms a worker into a reproductive gamergate. This is a plastic polyphenism that nonetheless results in major changes for the [61] . (B) Histone PTMs are introduced and removed by pairs of enzymes (writers and readers, respectively) and most of them carry out their function by recruiting specific readers to chromatin. Here, trimethylation of H3K4 is depicted as an example. (C) Two-dimensional linear discriminant analysis of genome-wide chromatin enrichment over protein-coding gene loci comparing major, minor, and male C. floridanus castes for H3K27ac (left) and H3K9ac (right). Data points are labeled by genic region (e.g. TSS, exon, entron) and show that the H3K27ac profile discriminates well between the three castes (labels from the same caste are clustered separately in the plot), whereas H3K9ac does not (labels are intermixed in the plot). Adapted from [20] .
individual and likely utilizes epigenetic and chromatin regulation in ways similar to the developmental polyphenisms discussed above.
Because of the olfactory nature of ant communication, the epigenetic regulation of olfactory receptor (OR) expression in different caste should receive particular attention. Analysis of gene expression from antennae of the ants C. floridanus and H. saltator identified many ORs that are differentially expressed between castes and between species, providing a list of candidate genes whose regulation may be at the heart of epigenetic regulation of caste-specific social behavior [71] . Although the regulatory mechanisms that drive expression of these ORs in one ant caste but not the other remain unknown, epigenetic pathways that impinge on H3K9 methylation (a repressive histone PTM) are known to control neuronspecific OR expression in Drosophila [72] , suggesting that studying local chromatin patterns at OR genes in ants might be a productive avenue of investigation toward understanding the epigenetic regulation of their social behavior.
CONCLUSIONS AND FUTURE DIRECTIONS
The increased availability of genomic and epigenomic data and the studies reviewed above have provided much needed insight on the roles of key epigenetic pathways such as DNA methylation and histone modification in the establishment and maintenance of polyphenism in ant societies. Much more remains to be done. The DNA methylation and histone PTM maps generated so far were obtained, for the most part, from whole bodies or similarly heterogeneous collections of tissues, likely masking important tissue-specific differences. Long noncoding RNAs, which are thought to play a key role in establishment and maintenance of epigenetic states [73] [74] [75] , remain to be identified and annotated. Many basic questions remain unanswered. Does DNA methylation play a causal role in caste determination? Is DNA methylation important for castespecific behavior? Are epigenetic differences between castes present in all cells or restricted to particular tissues and organs? If so, which ones? Is the differential longevity between queen and worker regulated by novel epigenetic mechanisms? Can difference in behavior be linked to difference in gene regulation in the brain? Only determined and possibly concerted investigative effort will allow us to answer these questions and understand at the molecular level how eusociality functions and how it evolved.
Historically, research on ants has been fragmented with the various groups focusing on several different ant species, only limited by the number of ant species that can be kept in a laboratory with relative ease. Until now this has been a sound strategy and has provided a large diversity of biological phenomena and behaviors to study and document, but it is, arguably, a less sound strategy once the investigation switches to the molecular level. To establish molecular tools for many different ant species seems a wasteful duplication of effort, given that genomic information, gene expression profiles, antibodies and a number of other resources would need to be created anew for each species under investigation. If ants are to succeed in the laboratory as much as they have proven successful in evolution, investigators will need to coalesce around one primary species and concentrate their effort in developing tools that can be shared across the community. The reference species should be relatively easy to handle in the laboratory, and it should breed in captivity, so that once genetically modified lines become available they can be maintained and crossed when needed. My preference goes to H. saltator, because workers can be converted to reproductives and crossed in captivity with any available male, but certainly other promising species exist, and the field will only benefit if the best possible model is selected early on.
In conclusion, ants with their pronounced caste differences offer new experimental paradigms to investigate the role of epigenetic pathways in shaping the polyphenic output of genomes. The fact that DNA methylation is conserved in social and nonsocial Hymenoptera makes this order particularly appealing to study that pathway and to dissect its possible roles in traits specific to the social species, such as for example the presence, within the population, of dramatically different caste-specific behaviors. Although molecular studies on ants have been hampered in the past by long generation times and husbandry issues [76] , the fast pace of progress in sequencing technologies and computational genomics paired with the growing power of genome editing technologies [77, 78] have lifted some of these constraints and have allowed mechanistic scrutiny of a growing number of organisms.
The time has come to extend from established model systems to study the wonders of less tractable-but arguably more intriguing-organisms, such as the resourceful, organized, industrious ants.
Key points
Ant castes present striking polyphenism that is for the most part under epigenetic control. DNA methylation in ants is concentrated in gene bodies and correlates with alternative splicing. Chromatin structure exhibits caste-specific features, especially H3K27 acetylation. Ants provide new experimental paradigms for research in epigenetics.
